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In 1889 Paget formulated the seed and soil hypothesis of cancer metastasis. Since that 
time there have ben major efforts to develop animal models of cancer to test and inves- 
tigate the hypothesis of Paget as well as for treatment and drug discovery. Thus, there has 
been a critical need in cancer treatment and research for rodent models that are clinically 
relevant. Ideal models would allow the transplantation of the majority of human tumors 
such that the tumor would behave in the rodent in a similar manner as it did in the patient. 
Such models would be useful for individual patient treatment design and for evaluation 
of new antineoplastic agents and procedures. This review traces the development of 
rodent animal models from the first transplantation experiments over 100 years ago to the 
present era. The present era is one of great promise, with the use of immunodeficient 
rodents, which accept foreign tissues for human tumor transplantation. The modern era 
is characterized by new orthotopic transplant methodologies that allow human tumors to 
express their metastatic potential, especially the models developed in our laboratory that 
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are constructed by surgical orthotopic implantation with intact tumor tissue. The use of 
tumors expressing green fluorescent protein and other fluorescent proteins for external 
whole-body imaging has enabled imaging of tumor growth and metastasis even on inter- 
nal organs. The SOI models have allowed experimental confirmation of Paget's seed and 
soil hypothesis of 1889. The use of SOI models for discovery of antimetastatic and 
antiangiogenesis agents is discussed. The exciting possibility of the use of the SOI models 
for discovery of antitumor and antimetastatic genes is also discussed. 



Early studies of transplantation of human tumors to animals ended in failure, including 
attempts to transplant human tumors to higher primates (1). Ewing (1) has described the 
following historical developments: For example, Sticker tried to transplant a dog lym- 
phosarcoma to foxes in 1904 (2). Experiments such as these had limited success. Trans- 
plantation of sarcoma was attempted between dogs by Novinsky in 1876, who had only 
two successes in 42 attempts (3). Hanau in 1889 had greater success. in transplanting a 
vulva epidermoid carcinoma from a rat to other rats (4). The first systematic study of 
transplanted tumors was that of Morau in 1894, who transplanted a cylindrical-cell car- 
cinoma of amouse for a number of generations (5). Loeb in 1901 and 1902 in the United 
States passaged a cystic sarcoma of the thyroid between rats for 40 generations with 
maintenance of structure, but no metastases were observed if 6,7). Jensen in 1902 and 1903 
passaged a mouse sarcoma through 19 generations of mice, again without noting 
metastases (8,9)- Ewing noted that with regard to therapeutics, transplantable tumors 
"opened up many new trails which unfortunately have led mostly astray" (1). 

With regard to metastases, Bashford et al. (10) noted local infiltration and metastases 
in the Jensen tumor, and Apolant (1 1 ) showed that infiltrative and metastatic growth most 
frequently occurred when the tumor invaded dense resisting tissues. Many other tumor 
types have been described in rodents that have long been extensively transplanted. Rous 
described three chicken sarcomas that were transplantable and showed that cell-free 
extracts of the spindle cell sarcoma could serve as the agent to induce further tumors in 
other animals (12). 

It was shown that in animals inoculated with the cell-free "juice," as Ewing described 
it (1 ), tumors developed at the point of inoculation but always more slowly than when 
animals were inoculated with tumor cells themselves. Filtrates from Rous' spindle-cell 
tumor and condroma gave rise to similar tumors from the tumor in which the filtrates were 
obtained. We now know that the filtrate contained the Rous sarcoma virus, which is one 
of the most characterized of all tumor viruses. 

Ewing noted that nearly all experiments found difficulty in getting the original tumor 
to engraft in another animal, but subsequent passages usually occurred at higher rates and 
some tumors such as the buffalo rat sarcoma have eventually been able to be passed at 
a 100% take rate (1). Ehrlich proposed that tumors, after passage, became increasingly 
virulent (13). As Ewing noted, among the passaged tumors, the subcutaneous tissue was 
the site ordinarily used for transplantation. However, internal organs, especially the 
spleen, have been used for implantation but have proved, according to Ewing, less sus- 
ceptible (1). 



2. EARLY STUDIES OF TUMOR TRANSPLANTATION 
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In the early transplantation experiments, it was found that not only was the same 
species of animal required in transplantation of tumor from one animal to another, but the 
results were more successful between animals of exactly the same color and antecedent 
as Ewing described (1 ). This is owing, of course, to what we now know to be the rejection 
of transplants from non genetically identical animals. Ewing noted that Beebe and Van 
Alstyne (14) observed that a carbohydrate-free diet made buffalo rats highly refractory 
to the buffalo sarcoma and that even the progression of this tumor was retarded by 
carbohydrate-free diets but was accelerated by butyrates. 

Ewing (1 ) stated that many tumors maintained a uniform histology through many 
generations but that some carcinomas changed greatly through passaging. He also noted 
that the most striking change induced by the passageable tumors was the induction of 
malignant sarcoma properties in the normal host stroma. This was first observed by 
Ehrlich (13) and Apoland (11 ) in the 10th generation of passage of a mouse adenocarci- 
noma.Both the passaged tumor and a now-malignant stroma could persist together or as 
separate strains of sarcoma and carcinoma. The rate of growth of mixed tumors appears 
to be enhanced. It was concluded that the sarcoma was caused by a neoplastic transfor- 
mation of the stroma of the host induced by the stimulation of the stromal cells by the 
malignant epithelium (11,13 ). Ewing (1 ) noted another possibility, that the spindle-like 
cells of the stroma might be in reality altered epithelium;, it had been shown repeatedly 
that animals resisting engraftment of passaged tumors may often develop spontaneous 
tumors (and vice versa), so Ewing concluded that the problem of continued growth of an 
engrafted tumor is quite different from "spontaneous" tumor development. 

As mentioned above, with regard to heterotransplantation in the early days, it was 
difficult to find tumors that could be consistently transplanted between different strains 
of even the same species. The Ehrlich tumor in mice, however, was found to be readily 
transplantable. The Ehrlich tumor was originally a mammary tumor that transformed into 
the ascites form and could be transplanted into outbred Swiss mice by even a few cells 
(15). Researchers then tried to advance heterotransplantation by finding what we now 
consider potentially immunologically privileged sites in the animal such as the anterior 
chamber of the eye, the cheek pouch, and the brain, all of which had many limitations 
(15). Greene (16), for example, used the eye of rabbits and guinea pigs to grow human 
tumors, as mentioned above, 

3. USE OF IMMUNO DEFICIENT RODENTS 
FOR TUMOR TRANSPLANTATION 

Another approach to tumor heterotransplantation has been the use of 
immunoincompetent animals. For example, tumors have been successfully grown in 
newborn mice and fetuses, which are naturally immunoincompetent ( 1 7,18). The fetuses 
and the newborns, however, become immunocompetent and eventually can reject the 
transplanted tumor. 

Attempts were then made to immunosuppress adult animals such as with whole body 
radiation and steroids (19,20). This treatment, however, is very damaging to the animal. 
As Giovanella and Fogh (15) point out, the observations that the thymus is critical in 
rejection allowed heterotransplantation studies to proceed at a faster rate using, for 
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example, thymectomy or antilymphocyte (ALS) or antithymocyte serum (ATS) (21-26). 
Giovanella and Fogh (15) noted that the most effective combination treatment for immu- 
nosuppression of animals to be used as hosts for tumor passaging is thymectomy at birth 
with total body radiation and later a reconstitution with syngeneic bone marrow 
(25,27,28). All these procedures are difficult, however, and involve serious side effects. 



A new era was opened with the isolation and identification of genetically immunosup- 
pressed animals. In particular, in 1966 Flannigan (29) identified the nude mouse mutant. 
In 1968, Pantelouris (30) showed that this animal was athymic and lacked T-cells and 
therefore could not reject foreign tissue. If the nude mice are kept in a germ-free environ- 
ment, the life span can be increased to almost the normal length, thereby making them 
useful experimental animals. The first reported xenograft in nude.mice was a subcutane- 
ously implanted human colon adenocarcinoma (31). in 1972, Giovanella etal.(32J inocu- 
lated a cell line of a human, melanoma in nude mice and obtained an invasive tumor. The 
most frequently occurring tumors have been successfully xenografted subcutaneously in 
nude mice (33). Fogh et al. (34 ) successfully subcutaneously xenografted 381 tumors in 
6-8-wk-old nude mice from 14 categories of cancer. With regard to take rate they found 
that the melanomas and' colon tumors had the highest take ratio, with breast and 
lymphoreticular tumors having the lowest. The percentage of takes for the total series was 
28%. The take rate was 50% for recurrent tumors, 38% for metastases, and 21% for 
primary site tumors, (34 ). One-third of the transplants could be established as lines. If the 
xenografts could be carried beyond passage three, they had a 90% probability of becom- 
ing established as lines. Fogh et al. (34) noted that there was a variability in the growth 
rate of the transplanted tumors in nude mice. Gynecological tumors and colon tumors 
grew rapidly, and germ cell and bone tumors grew slowly. Metastases and recurrent 
tumors were found to grow faster than tumors from primary sites, and the less differen- 
tiated tumors were more easily established as lines and grew faster ( 15). Giovanella et al. 
(32 ) used cultured cells for the first time to initiate tumors in nude mice. This approach 
was used to assay the tumorigenicity of the cell lines (35). However, it became apparent 
that some highly malignant-appearing cultured lines formed tumors at a low rate after 
transplantation into nude mice (15). 

Sharkey et al. (36) reported that about one-third of the tumors studied in their series 
increased their differentiation status after growing as xenografts in nude mice. It was also 
shown that in some human malignant glial tumors implanted in the brains of nude mice, 
new histological patterns occurred (37). A similar observation was made in a study of 12 
human melanomas grown in nude mice (38). Pancreatic adenocarcinomas in nude mice 
produced many of the pancreatic-specific enzymes, but digestive enzymes were not 
being produced (39). 

In a large series of subcutaneous implantation of surgical specimens Shimosato et al. 
(40) obtained 58 tumor takes out of 243 attempts. Most difficult to implant successfully 
were breast carcinomas. Rae- Venter and Reid (41 ) have shown that subcutaneous growth 
of a number of human breast tumors was enhanced by implantation of estrogen. Shafie 



4. USE OF ATHYMIC NUDE MICE 
FOR TUMOR HETEROTRANSPLANTATION 

4.1. Subcutaneous Implant Tumor Models 
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and Grantham (42 ) have demonstrated with the MCF-7 human breast carcinoma cell line 
a lack of growth in animals without functional ovaries and a pancreas, the results of which 
could be reversed by estrogen and insulin. 

A number of models for prostate cancer have been developed including the Dunning 
R-3327 hormonally dependent rat prostatic adenocarcinoma (43). A number of cell lines 
from human prostatic carcinoma that grow in athymic nude mice, including the LNCaP 
line, which is androgen-dependent (44), and the androgen- independent cell lines Dul45 
(45 ) and PC-3 (46,47), have also been isolated. The usual mode of in vivo growth of the 
human prostate carcinoma lines has been after subcutaneous transplantation. The use of 
extracellular matrix proteins such as Matrigel seems to enhance the take rate of subcu- 
taneously implanted tumors (48). However, intrasplenic injection (49) has also been 
used, which may result in more metastatic activity. The PC-3 line has been injected into 
the tail vein of nude mice while the inferior vena cava was occluded, which allowed tumor 
growth in the lumbar vertebrae, pelvis, and femur (50). When PC-3 cells were injected 
into the peritoneal cavity, intra-abdominal growth resulted (51). When they were injected 
into the spleen, liver metastases resulted, and when they were injected into the seminal 
vesicles, large tumors developed there i f 51 ). However, none of these models is represen- 
tative of the clinical course of growth of prostate carcinoma and are not of use for 
predicting the clinical course or response to treatment of individual patients. Shroeder 
(52) implanted flat pieces of prostate, tumor directly into exposed subcutaneous muscle 
where the muscular fascia was scraped away. The PCA-2 human prostrate carcinoma has 
been serially transplanted in male nude mice but would not grow tumors in female nude 
mice and regressed after castration or estrogen treatment of the male, thereby demonstrat- 
ing its hormone dependency (53). 

Bullard and Bigger (54 ) and Shapiro et al. (55) were successful in growing craniopharyn- 
giomas, glioblastomas, and astrocytomas directly in the brain or in subcutaneous tissue. 
Schackert et al. (56) found that carcinomas of the colon, breast, kidney, and lung, when 
injected into the cerebrum carotid arteries, produced brain tumors. 

A number of investigators have been quite successful in growing bladder carcinoma 
subcutaneously in nude mice. Sufrin et al. (57) succeeded in growing 8 of 20 human 
transitional cell carcinomas, and Naito et al. (58) successfully implanted 8 of 31 human 
urinary cancers. All these studies were done at the subcutaneous site in the nude mice. 
Mattern et al. (59) were able to implant and passage 22 human lung tumors. Many other 
human tumor types have now been grown subcutaneously in nude mice including a wide 
range of sarcomas, lymphomas, leukemias, testicular carcinomas, mesotheliomas, hepato- 
mas, pancreatic carcinomas, and squamous cell carcinomas of the head and neck (15). 

Giovanella et al. (60 ) have found that malignancies of many cell types may be expressed 
only in nude mice that have been further immunosuppressed, for example by ALS or 
X-ray irradiation. This has been shown for human bladder carcinomas and a human 
osteosarcoma, which in control nude mice did not form tumors but grew after subcuta- 
neous implantation in X-ray-treated mice. Two-week-old mice have also been proved to 
be better than 6-8-wk-old mice, since the younger mice are more immuno incompetent. 
The young mice have allowed certain tumors to grow that could not grow in older 
animals, such as tumors of the bladder and thyroid and glioblastomas. 

With regard to enhancement of tumor growth in nude mice, it has recently been shown 
that Matrigel significantly accelerated small cell lung carcinoma cell line growth after the 
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cells and Matrigel were coinjected subcutaneously in nude mice (61). Other human and 
murine tumor types were found to have their growth stimulated by coinjection of the cells 
with Matrigel (62). 

Sharkey and Fogh (63) have shown that it is necessary to demonstrate that the tumors 
growing in nude mice are of human origin. It has been demonstrated by Giovanella and 
Fogh (15) that the nude mouse stromal elements can be converted by xenografted carci- 
nomas to malignant sarcoma-producing nude mouse tumors, as mentioned above in early 
studies described by Ewing (1). 

A number of more recent studies have shown that the implantation of tumors but not 
tumor cell lines from humans induced a transformation of murine stromal cells. For 
example, the transformed stromal cells, after short-term culture in vitro, could produce 
sarcomas in other nude mice (64,65). 

Studies have been done with human premalignant tissue, but such tissue has been 
difficult to xenograft successfully (15). However, Bhargaya and Lipkin 1981 (66) were 
able to demonstrate that benign polyps of the colon could survive for up to 28 d implanted 
in kidney capsules in nude mice. Normal, tissue from fetuses can be implanted in nude 
mice (67), and human adult tissue can be quite normal after implantation in nude mice 



Metastases. havenot been observed in most.tumor transplantation experiments in nude 
mice using the subcutaneous site. However, with regard to melanomas, when the primary 
tumor was surgically resected, the animals could live longer and could subsequently 
develop distant metastases, sometimes 7-12 mo after the tumor inoculations (70). Three 
amelanotic human melanomas cell lines, when injected intradermally, produced 
metastases in the regional lymph nodes and in one case lymphatics in the lungs (71). 
Recent studies with another amelanotic melanoma cell line termed LOX (72,73), as well 
as pigmented melanoma cell lines, have also demonstrated growth and metastasis after 
subcutaneous or subdermal implantation. Recently, Van Muijen et al. (74) showed that 
by first passaging a human melanoma three times in nude mice and then establishing a 
cell line, subcutaneous implantation of the cell line caused 90% of the nude mice to 
demonstrate lung metastases. In the series of Sharkey and Fogh (75), 106 malignant 
human tumor cell lines were xenografted to 1045 nude mice. Metastases were observed 
in only 14 animals, involving 1 1 different tumor lines. Breast tumor cell lines metasta- 
sized at the highest frequency, but none of the sarcoma lines metastasized, which was 
quite different from the human patient situation. These investigators found that deep 
penetration of the body wall during tumor growth correlated with the occurrence of 
metastases. 

The human tumor lines in the study of Sharkey and Fogh (75) included carcinomas 
in the breast, lung, and gastrointestinal and urogenital tracts, as well as tumors of unknown 
primary sites. Metastatic sites included local lymph nodes in two cases, distant lymph 
nodes in two cases, and a spleen and mediastinum in one case each. Metastatic and non- ( ^ 'S S" 
metastatic tumors from the patient population metastasized equally poorly in the 
nude mice in this series (15 ). A renal cell adenocarcinoma in some instances metastasized 
to axillary and inguinal lymph nodes after subcutaneous inoculation (76). The SW480 
cultured colon carcinoma was seen to metastasize to the regional lymph nodes after 



(68,69). 
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subcutaneous implantation, and when the tumor was implanted intraperitoneally, 
metastasis to the lymph nodes and lungs was seen (77). 

Shimosato et al. (40) found that after subcutaneous inoculation, an acute lymphocytic 
leukemia as well as a number of breast cancers metastasized to regional lymph nodes. 
Kyriazis et al. (77) have shown that in addition to the cultured colon carcinoma, transi- 
tional cell carcinomas of the bladder and adenocarcinoma of the pancreas could invade 
and even metastasize to the lymph nodes of the lung after subcutaneous implantation. 
Neulat-Duga et al. (78) found metastasis in 30% of 63 human tumors implanted subcu- 
taneously. 

Therefore, although metastases can occur from subcutaneously growing tumors in 
nude mice in a number of different tumor types and studies, this is rather rare. Giovanella 
and Fogh (15 ) emphasize that if the animals bearing the subcutaneously growing tumors 
can be kept alive for long periods, such as by resecting the primary tumors described 
above, the probability of metastasis can be raised. Provoked local recurrences at the site 
of a subcutaneous growth such as reimplantation of tumor fragments or fragments left in 
the animal following reduction of a tumor load can induce massive lung metastases from 
xenografted cell lines derived from mammary tumors, colon carcinomas, melanomas, 
and prostate tumors (15). ^ rr , r * t A *v * JJU 

Effect- av unplanr sAe, on jrawm. 

4.2. &4k&fop& dmpi&Hi8 

Early studies showed that the site of implantation could influence the growth rate, 
invasiveness, and metastatic behavior of the resulting tumorsJ^Kyriazis and Kyriazis (79) f 
noted that tumor growth in the anterior lateral thoracic wall was faster than in the posterior 
aspect of the trunk. With regard to human small cell carcinoma, intracranial injection was 
found to be superior to the subcutaneous or subdermal site. At the intracranial site, takes 
of 100% with small cell carcinomas were observed by Chambers et al. (80), with one- 
tenth of those cells required to produce subdermal tumors. The latent time for tumor 
growth was shorter in the intercranial site than in the subdermal site. Importantly, the 
tumors grew in the meninges and subsequently invaded and destroyed the brain, in 
contrast to the subcutaneously growing tumors, which were not invasive. In addition, the 
MCF-7 cell line grew well in the mammary fat pad, indicating the importance of the 
orthotopic site (81 ,82 ) (see Subheading 5. below). The mammary fat pad was also shown 
to be a preferential site for growth and metastasis for estrogen receptor-negative human 
breast cancer cell lines (83 ). As mentioned above, the mammary fat pad was shown to be 
a superior implantation site for tumor growth and metastasis for hormone-independent 
human breast cancer cells (42,83). As with the small cell carcinoma, the MCF-7 carci- 
noma was highly invasive after intracranial in oculation (84). When transplanted into the 



intracranial region, lymphoma and leukemii and cell lines derived even from normal 
donors produced tumors (60,85). The subrenal capsule site developed by Bogden et al. 
(86) as a means of implanting tumors in nude mice has allowed the growth of many 
different types of tumors; some of them were shown to be invasive even if they were not 
implanted at the subcutaneous site. Kyriazis and Kyriazis (79) showed that when some 
tumors were implanted intraperitoneally, the neoplastic growth in the peritoneal cavity 
was malignant, including the ability to invade various organs by lymphatic and hematog- 
enous routes. 
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5. ORTHOTOPIC TRANSPLANT MODELS UTILIZING HUMAN 
TUMOR TISSUE IN NUDE MICE: ENHANCED 
J METASTATIC POTENTIAL ^ 

^ftHB^dgfesBag^ ^Insey"! Oft 

Csubcutaneously growing tumors were better differentiated than the same tumors growingy ' Qf£\j\0Uj£> 
intraperitoneally in nude mice J " OGjyO^ uA\£Y*4- 

In the last 20 years it has thus become clear that orthotopic sites of implantation are V^^v^ 
critical to the metastatic capability of the transplanted tumors in nude mice (88). With * 
regard to colon carcinoma, when the cecum and spleen were used as sites of implantation 
of colon tumor cell lines or disaggregated tumor tissue, metastasis occurred including 
that to liver as opposed to the subcutaneous site, which allowed primary growth to occur 
but not metastasis (89-95). Inoculation of tumor cell lines into the descending portion of 
the large bowel allowed micro- and macroinvasive behavior of the cells via infiltration 
of the various layers of the mouse colonic wail, in particular the muscularis propria 
(89-94). This behavior was contrasted to melanoma cell lines implanted into the colon, 
which exhibited limited invasiveness. compared with the colon carcinomas (94). 

5.1. Colon Tumor Models ^"hjumor ^agv^er^S 

In our laboratories, histologically intact human coloneaaeei^spfeeiHieas directly derived 
surgically from patients were transplanted by surgical orthotopic Implantation (SOI) to 
either the colon or the cecum of nude mice. SOI for colon tumor involves suturing the 
tumor tissue on the serosa of these organs. We have achieved extensive orthotopic growth 
in more than 50 cases of patient colon tumors with subsequent regional, lymph node, and 
liver metastasis, depending on the case. Similar results were found with SOI of intact 
tissue from a human colon cancer xenograft line, including liver metastasis. Thus, a 
patient-like model for human colon cancer has been developed that can be used for 
research into the biology of colon cancer metastases, for the potential prediction of 
clinical course, for drug response testing of the disease in individual patients, and for the 
discovery of new therapeutics (96). In a comparison between SOI of intact colon tumor 
tissue and orthotopic injection of cell suspensions derived from the colon tumor tissue, 
Furukawa et al. (97) observed that SOI performed in intact tissue resulted in high meta- 
static rates, and the cell suspension injections resulted in no metastases. 

Partial hepatectomy has been widely employed in clinical practice as the therapy of 
choice for primary and metastatic liver tumors. However, the recurrence rate after the 
treatment remains high, probably because of the growth of residual microscopic lesions. 
We have observed the effect of partial hepatectomy on the growth of two human colon 
cancers (Co-3 and AC3603) implanted in the liver of nude mice using SOI. Our results 
showed a dramatic acceleration of tumor growth following 30% partial hepatectomy, 
which resembles clinical procedures. Tumor volumes were assessed with calipers on d 15 
by abdominal palpation and on d 30 at autopsy by direct measurement. For both 
Co-3 and AC3603, tumor volumes in the hepatectomized animals were significantly 
larger than the control at the above two time points (p < 0.001). The results demonstrate 
the stimulating effect of partial hepatectomy directly on the tumor growth in the liver. 
Furthermore, since conservative partial hepatectomy (30%) is normally used in clinical 
practice for surgical treatment of liver metastasis, this animal model should be useful for 
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the clinical investigation of the high recurrence rate of liver metastasis following partial 
hepatectomy (98). 

5.2. Bladder Tumor Models 

With regard to bladder carcinomas, Ahlering et al. (99) found that two human bladder 
transitional cell carcinoma lines, when injected trans urethrally into the urinary bladders 
of athymic nude mice, invaded the mouse bladder and metastasized to the lung. Subcu- 
taneous inoculation of tiiese cell lines allowed tumor growth but very little local invasion 
and no metastases. R^eently, Theodorescu et al. (100) confirmed the results of Ahlering 
et al. with respect to the RT-4 human bladder carcinoma cell line. Theodorescu et al. 
found, however, that when a mutated H-ras oncogene was transfected into RT-4 such that 
overexpression of this gene occurred in the selected cell line RT-4-mr-lO, the cell line 
became more invasive after transurethral inoculation. Areas of invasion of transitional 
cell carcinoma deep into the muscularis propria of the bladder occurred that in some 
instances extended into the surrounding adipose tissue and vascular spaces. However, no 
continuous or metastatic spread of.RT-4-mr-10 occurred. These findings are in contrast 
to the effects of subcutaneous injection of these cell lines, which showed no evidence of 
tissue invasion (100). , ^OfeOVC 

In our laboratories, the ris-transfected human bladder RT-4 carcinoma tissue cell line 
RT-4-mr-10 jSst describec|[was transplanted by SOI as histologically intact tissue to the 
nude mouse bladder. Extensive invasive orthotopic growth and local invasion occurred 
as well as multi organ metastases in the liver, pancreas, spleen, lung, ovary, kidney, ureter, 
and lymph nodes. The results for the implanted RT-4-mr-10cells are in striking contrast 
to the experiments described above in which RT-4-mr-10^&tts injected trans urethrally 
as disaggregated cells exhibited only local invasion and no distant metastasis. These 
results further indicate the potential of the intact tissue SOI model to allow full expression 
of the metastatic capacity of human cancer in the nude mouse (101 ,102). Wehave-peeenil-y^ a\"S& 
demonstrated that the RT-4 parental bladder tumor line is highly metastatic when 
implanted orthotopically as histologically intact tissue, thereby showing that the ras gene 
had no effect (103). 

5.3. Pancreatic Tumor Models 
Vezeridis et al. (104) reported that the fast-growing variant of the human pancreatic 
carcinoma COLO 357, when injected as disaggregated cells into the spleen of the nude 
mice, resulted in metastases to the liver and lungs of the animal. The authors stated, 
however, that this study bypasses invasion and generates seeding and colonization rather 
than metastases. A subsequent study was carried out (105) using the COLO 357 and L3.3 
human pancreatic tumors to compare orthotopic transplantation with subcutaneous in- 
oculation. These authors took tumors that were subcutaneously grown and harvested and 
sectioned them into 2x2 pieces. Xenografts were first attached to the exteriorized 
pancreas. The pancreas was then wrapped around the xenograft to cover .it completely. 
j\ The edges of the fatty tissue surrounding the pancreas were sutured such that the xenograft 

A would remain covered upon the return of the pancreas to the peritoneal cavity. It was 

T£ ^ found that most of the animals gr ew tumors at the orthotopic site of transplantation. 

Metastasis occurred in the liver, lung, regional lymph nodes, and distant lymph nodes. 
The authors felt that by using tumor pieces as xenografts rather than injecting tumor cells 
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into the pancreas, the probability of injecting tumor cells into the circulation with sub- 
sequent seeding and colonization was eliminated. They emphasized that their model was 
similar to the human situation of pancreatic cancer: the retroperitoneal nodes, liver, and 
lungs become involved. 

Marincola et al. (106) also orthotopically implanted human pancreatic cancer cell 
lines, in their case in the doudenal lobe of the pancreas for comparison with heterotopic 
implantation at the hepatic and subcutaneous sites. Intrapancreatic tumor growth was 
occasionally associated with liver metastases in the animals that were killed after 28 d, 
17.8% in young animals and 22.2% in adult animals. However, after more than 45 d of 
tumor growth, the incidence of hepatic metastases increased to 57.1 %. Direct extension 
of the tumor into surrounding tissues was frequently observed, with involvement of the O 
duodenum of 84% in growing tumors, the kidneys in 31%, and other intra-abdominal 
organs in 44%. Subcutaneously growing tumors did not giverise todetpagfekle metastases. ^ Q> 
In our laboratories, we have implanted histologically intact human pancreatic tumor "O 
tissue in the pancreas of the nude mouse and have achieved tumor growth in six of six 
patient cases (107). Extensive local growth occurred in all cases, with regional extension 
and frequent metastases to lymph nodes and visceral organs (107). 

We evaluated the efficacy of mitomycin C (MMC) and 5-fluorouracil (5-FU) against 
the human pancreatic adenocarcinoma cell line PAN- 1 2- J.CKin an SOI human metastatic 
3 pancreatic cancer nude mice model. Implantation was in the tail portion of the pancreas 
Cf- near the spleen. The PAN- 1 2-JCK cells grew very aggressively in the control group of 
^ ^ nude mice, wi th . extensive local invasion and distant metastases to various organs^ ft 
£~ propensity foj^the lung was seen, but other organs were involved as well, including the 
. liver, kidney, and regional and distant lymph nodes. Remarkably, none of the mice in the 
t/i MMC-treated group developed tumors. Although mice in the 5-FU-treated group sur- 
vived statistically significantly longer than those in the untreated control, the overall 
incidence of metastasis in these mice was equivalent to those in the control group. How- 
ever, no liver or kidney metastases were found in the 5-FU-treated animals, perhaps 
accounting in part for their longer survival. This clinical nude mouse model of highly 
metastatic pancreatic cancer can now be used to discover new effective agents for this 
disease (108). 

After SOI of the human tumor xenograft PAN- 1 2-JCK into the tail of the nude mouse 
pancreas, MMC and cisplatin (DDP) were administered intraperitoneally at doses of 4 
and 6 mg/kg, respectively, on d 7. The mice were observed for 95 d. There was a statis- 
tically significant increase in disease-free and overall survival rates in the MMC and 
MMC + DDP-treated groups. Local tumor growth was eliminated only in the group 
treated with MMC + DDP. Hepatic metastasis and peritoneal disseminations were com- 
pletely inhibited by MMC but not DDP. This study demonstrated the usefulness of the 
SOI model of pancreatic cancer for studying the differential efficacy of agents affecting 
primary tumor growth metastasis and survival (109). 

Two human pancreatic cancer cell lines expressing green fluorescent protein (GFP), 
MIA-PaCa2 and BxPC-3, were studied in SOI models. BxPC-3-GFP tumors developed 
rapidly in the pancreas and spread regionally to the spleen and retroperitoneum as early 
as 6 wk. Distant metastases in BxPC-3-GFP lines were rare. In contrast, MLA-PaCa-2- 
GFP lines grew more slowly in the pancreas but rapidly metastasized to distant sites 
including liver and portal lymph nodes. Regional metastases in MIA-PaCa-2-GFP lines 
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were rare. These studies demonstrate that pancreatic cancers have highly specific and 
individual "seed-soil" interactions governing the chronology and sites of metastatic 
targeting (110). 

Two GFP-expressing pancreatic tumor cell lines, BXPC-3 and MiaPaCa-2, were 
implanted by SOI as tissue fragments in the body of the pancreas of nude mice. Whole- 
body optical images visualized real-time primary tumor growth and formation of 
metastatic lesions that developed in the spleen, bowel, portal lymph nodes, omentum, and 
liver. Intravital images in the opened animal confirmed the identity of whole-body images. 
The whole-body images were used for real time quantitative measurement of tumor 
growth in each of these organs. Intravital imaging was used for quantification of growth 
of micrometastasis on the liver and stomach. Whole-body imaging was carried out with 
either a transilluminated epifluorescence microscope or a fluorescence light box, both 
with a thermoelectrically cooled color CCD camera. The simple, noninvasive, and highly 
selective imaging made possible by the strong GFP fluorescence allowed detailed 
simultaneous quantitative imaging of tumor growth and multiple metastasis formation of 
pancreatic cancer. The GFP imaging affords unprecedented continuous visual monitor- 
ing of malignant growth and spread within intact animals without the need for anesthesia, 
substrate injection, contrast agents, or restraint of animals required by other imaging 
methods. The GFP imaging technology will facilitate studies of modulators of pancre- 
atic cancer growth including inhibition by potential cnemotherapeutic agents (111). 

Parathyroid hormone-related protein (PTHrP) is ari oncoprotein that regulates the 
growth and proliferation of many common malignancies including pancreatic cancer. 
Previous studies have shown that PTHrP is produced by human pancreatic cancer cell 
lines, can be seen in the cytoplasm and nucleus of paraffin- embedded pancreatic 
adenocarcinoma tumor specimens, and is secreted into the media of cultured pancreatic 
adenocarcinoma cells. We hypothesize d that PTHrP could serve as a tumor marker for 
the growth of pancreatic cance ^in vivfr . To test this hypothesis, we used the SOI model 
of the human pancreatic cancer lineBxPC-3. This tumor was stably transduced with 
GFP to facilitate visualization of tumor growth and metastases. At early (5 wk) and late 
(13 wk) time points after SOI, serum PTHrP was measured, and primary and meta- 
static tumor burden was determined for each mouse by GFP expression. By 5 wk after 
SOI (early group), the mean serum PTHrP level was 32.7 pg/mL. In contrast, at 13 wk 
post SOI (late group), the mean serum PTHrP level increased to 155.8 pg/mL. These 
differences were highly significant (p < 0.001, Student's /-test). Numerous metastatic 
lesions were readily visualized by GFP in the late group. Serum PTHrP levels measured 
by immunoassay correlated with primary pancreatic tumor weights (p < 0.01). PTHrP 
levels were not detectable (<21 pg/mL) in any of the 10 control mice with no tumor. 
Western blotting of BxPC-3-GFP tumor lysates confirmed the presence of PTHrP. 
BxPC3-GFP tumor tissue stained with antibody to PTHrP. These results indicate that 
PTHrP has a high potential as a useful tumor marker for clinical pancreatic adenocarci- 
noma in the future (112). 

5.4. Head and Neck Tumor Models 
With regard to head and neck tumors, Dinesman et al. (113) implanted 42 nude mice 
with laryngeal squamous cell carcinoma cell lines on the floor of the mouth. Pulmonary 
metastases were noted in 44%, bone invasion in 80%, angioinvasion in 76%, and soft 
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tissue invasion in 96% of the animals, thereby mimicking the clinical state. In the head 
and neck study, lymph node metastasis was seen in only 2 of the 42 animals. In compari- 
son, the subcutaneous model of transplantation for head and neck tumors has not resulted 
in metastases of tumors that did eventually take, which was at a low rate. For example, 
Brackhuis et al. (114) implanted 130 head and neck carcinomas in subcutaneous tissues 
of nude mice with a 26% take rate and no observed metastases. 

Our laboratory has utilized tumor material directly from surgery from human head and 
neck cancer patients, including metastatic tongue and laryngeal tumors, and implanted 
them as histologically intact tissue into the muscles of the floor of the mouth including 
the mylohyoid muscle as further examples of the SOI technique. We have observed 
subsequent invasions into the structures of the head (X. Fu and R.M. Hoffman, unpub- 
lished observations). When the same tumor tissue was implanted subcutaneously, even 
in the neck area, extensive tumor growth occurred without subsequent invasion. 

5.5. Stomach Tumor Models 
The human gastric cancer cell line G/F was implanted eithe^ subcutaneously or into 
the stomach wall of nude mice '(775;; The G/F tumor implanted in the stomach wall 
showed a slower growth rate than when the tumor was implanted subcutaneously. Impor- 
tantly, the tumor implanted in the stomach wall grew and invaded the surrounding tissues 
and metastasized to the regional lymph nodes and distant organs such as the lung and liver 
in 27 of 43 mice. In contrast, the tumors growing subcutaneously were highly 
encapsulated, and metastasis to other organs was not observed. Thus the stomach wall 
provided a superior microenvironment for the G/F gastric cancer to express its metastatic 
properties. 

SOI of human stomach cancer tissue fragments derived from cell lines resulted in the 
formation of metastases in 100% of the mice, with extensive primary growth to the 
regional lymph nodes, liver, and lung. In contrast, when cell suspensions were used to 
inject stomach cancer cells at the same site, metastases occurred in only 6.7 % of the mice 
with local tumor formation, emphasizing the importance of using int act tissue to allow ^ QCOjJjrS 
full expression of metastatic potential. Injuring the serosa, as ©eeu65-in intact tissue 
transplantation, did not increase the metastatic rate after orthotopic injection of cell 
suspensions of stomach tumor cells. This intact tissue orthotopic implantation model 
should allow development of new treatment modalities and further study of the biology 
of human stomach cancer (776;. 

Fresh surgical specimens derived from 36 patients with advanced stomach cancer 
were transplanted in nude mice using SOI. Twenty of 36 patient tumors gave rise to 
locally growing tumors in the mice. All 20 patients whose stomach tumors resulted in 
local growth in the nude mice had clinical lymph node involvement, whereas 8 of the 
other 16 patients whose tumors were rejected had lymph node involvement. There was 
a statistical correlation (p < 0.01) between local tumor growth in nude mice and clinical 
lymph node involvement. Of the 20 cases resulting in local growth in the nude mice, 5 
had clinical liver metastases and all 5 cases resulted in liver metastases in the nude mice. 
Of the 20 cases, 6 had clinical peritoneal i nvolvement of their tumor; of these, 5 resulted 
in peritoneal metastasis in the nude micej^fhere were statistical correlations (p < 0.01) ^\ 
for both liver metastases and peritoneal involvement between patients and mice. These . 
results indicate that, after orthotopic transplantation of histologically intact stomach Xhs^rr Nl£lO 
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cancers from patients to nude mice, the subsequent metastatic behavior of the tumors in 
the mice closely correlated with the course of the tumors in the patients (117). 

GFP gene was administered to intraperitoneally growing human stomach cancers in 
nude mice to visualize future regional and distant metastases. GFP retroviral supernatants 
were injected ip from d 4 to d 10 following ip implantation of the cancer cells. Tumor and 
metastasis fluorescence was visualized every other week with the use of fluorescence 
optics via a laparotomy on the tumor-bearing animals. Two weeks after retroviral GFP 
delivery, GFP-expressing tumor cells were observed in gonadal fat, greater omentum, and 
intestine, indicating that these primary intraperitoneally growing tumors were efficiently 
transduced by the GFP gene and could be visualized by its expression. At the second and 
third laparotomies, GFP-expressing tumor cells were found to have spread to lymph 
nodes in the mesentery. At the fourth laparotomy, widespread tumor growth was observed. 
No normal tissues were found to be transduced by the GFP retrovirus. Thus, reporter gene 
transduction of the primary tumor allowed detection of its subsequent metastasis. This 
gene therapy model could be applied to primary tumors before, resection or other treat- 
ment for a fluorescence early detection system for metastasis and recurrence (118). 

The efficacy of a (phosphorothioate) antisense oligonucleotide for KDR/Flk- 1 (KDR/ 
Flk-l-ASOj, an endothelial, c ell-specific vascular endothelial growth factor (VEGF) 
receptor, was investigated*e^te*eal the metastasis dissemination and angiogenesis of a 
human gastric cancer cell line in nude mice. GFP-transduced NUGC-4 (NUGC-4-GFP) / ^_ f^<xpYflj)\\ 
human gastric cancer cells were implanted into the peritoneal cavity of nude mice. KDR/ 1 ' ' \ Si&\ 
Flk- 1-ASO, -SO, or PBS were administered from d 7 to d 14, 200 [Ag/mouse, once a day. V 
The mice were sacrificed on d 28. Disseminated peritoneal tumor nodules expressing I 0£*VViSL 
GFP were visualized by fluorescence microscopy. KDR/Flk- 1-ASO significantly | YWjSyKjrNI* 1 
decreased the extent of peritoneal dissemination of the tumors. The number of cells | <#ft>'ify.~ 
undergoing apoptosis was significantly increased in the KDR/Flk- 1 -AS O-treated tumors. I > i ^L^™ 
Microvessel density (MVD) was significantly reduced in the KDR/Flk- 1 -AS O-treated / ^C~\ 
tumor nodules. The KDR/Flk- 1 antisense strategy, therefore, -decreases tumor dissemiy' nOtEd . 
nation apparently by inhibiting angiogenesis (119). 

5.6. Lung Tumor Models 

Recent studies have demonstrated that inoculation of human lung tumor cell lines 
intrathoracically or intrabronchially into nude mice (120,121) results in orthotopic 
(\j growth. 

\$\ 6 ^e-Meta ^ u ^appf e^EH^^ 

Sj, lung tumor implantation in the left lung in nude and SCID mice by a thoracotomy pro- 

v£p cedure we have developed. Results thus far (122) indicate that this method not only 
allows extensive local growth in nude and SCID mice but also allows development of 
regional and distant metastases as described above. c/ 

When a poorly differentiated large cell squamous cell patient tumo^was transplanted 
orthotopically to the left lung as histologically intact tissue directly from surgery, five of 
five mice produced locally grown tumors. Opposite lung metastases occurred, as well as 
lymph node metastases. When grown subcutaneously, this tumor grew locally, but no 
metastases were found (122). 

When the human small cell lung carcinoma cell line Lu-24 was transplanted histologi- 
cally intact into the left lung of nude mice via thoracotomy after harvesting of subcuta- 
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neouslv growing tissue from nude mice, five of five mice produced locally growing 
tumors^veraging 10 mm in diameter within 24 d. All five mice produced regional 
metastases including tumor invasion of the mediastinum, the chest wall, and the pericar- 
dium and distant metastases including the right lung, esophagus, diaphragm, parietal 
pleura, and lymph nodes. These five mice were implanted with only one 1.5-mm 3 piece 
of tissue. Three SCID mice were also implanted orthotopic ally with histologically intact 
Lu-24 tissue via thoracotomy. All three animals produced locally growing tumors aver- 
aging 7.5 mm in diameter within 17 d. All three SCID mice also developed regional 
metastases including the mediastinum, left chest wall, and pericardium and distant 
metastases including the opposite lung, lymph nodes, parietal pleura, and diaphragm. The 
time when symptoms could be observed in the nude mice after transplantation of Lu-24 
via thoracotomy was 24 d, as mentioned above; in the SCID mice, it was only 17 d, with 
the tumor seemingly growing and metastasizing more rapidly in the SCID mice (122). 

Similar results were found after orthotopically transplanting histologically intact tis- 
sue of human small cell lung carcinomas Lu-130 and H-69; very large local growth and 
metastases to the opposite lung and distant lymph nodes were seen. These results contrast 
with the orthotopic injection of a suspension of small cell carcinoma cells in nude rats, 
resulting in poor local growth and no metastases (123,124). 

By implantation of histologically intact human tumor tissue in the parietal or visceral 
pleura of nude mice, we .were able to construct models of early, and advanced pleural 
cancer, respectively. &a§ee45y m P toms and survival of pleural-implanted mice closely 
resemble the clinical situation; showing a statistically significant difference in survival 
between parietal-and visceral-pleural implanted mice, the latter representing an advanced 
stage cancer. Thus such models, reflecting clinical features, should be of great value in 
the development of new drugs and treatment strategies (125). 

Human malignant pleural mesothelioma is an aggressive cancer with no effective 
treatment. A relevant animal model is needed for studying the biology and for discovery 
of effective treatment. To meet this need^we have developed an orthotopic transplant 
model of human malignant pleura mesothelioma in nude mice that closely mimics the 
pattern found in the mesothelioma patient. Fresh specimens derived from four patients 
with malignant mesothelioma were implanted on the parietal pleural of nude mice. All 
patient tumors gave rise to locally growing tumors in the mice. The transplanted mice 
presented with symptoms of malignancy such as decrease in physical activity and signs 
of tumor-related respiratory distress. These animals were shown to have extensive tumor 
spread in the ipsilateral as well as contralateral pleural cavity and mediastinal lymph 
nodes. When the lesions were still confined to the ipsilateral parietal pleura, the implanted 
animals were asymptomatic. The macroscopic features usually found in the patients were 
also found in the implanted animals such as nodules and masses as well as pleural 
thickness owing to tumor spread; Histological examination revealed malignant mesothe- 
lioma similar to that from which the original tumor specimen was derived. Orthotopic 
parietal-pleura implantation of fresh histological human malignant mesothelioma thus 
allows mesothelioma growth in an animal model that very closely mimics the clinical 
pattern of the human disease. This model provides for the first time a useful human model 
for biological studies of this disease and for developing effective treatment (126-129). 

To understand the skeletal metastatic pattern of non-small cell lung cancer, we devel- 
oped a stable high-expression GFP transductant of the human lung cancer cell line H460 
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(H460-GFP). The GFP-expressing lung cancer was visualized to metastasize widely 
throughout the skeleton when implanted orthotopically in nude mice. H460 was tr anduced 
^> with the pLEIN retroviral expression vector containing the-enhs&eed GFP-^BG'FPpna' CjcOC 

Xf the neo mycin (G418) resistance gene. A stable high GFP-expressing clone was selected 

fj. — On vitrfl using 800 [xg/mL G418. Stable high-level expression of GFP was maintained in 
Y? subcutaneously growing tumors formed after injecting H460-GFP cells in nude mice. To 
^ utilize H460-GFP for visualization of metastasis, fragments of subcutaneously growing 
H460-GFP tumors were implanted by SOI in the left lung of nude mice. Subsequent 
micrometastases were visualized by GFP fluorescence in the contralateral lung, and 
plural membrane and widely throughout the skeletal system including the skull, vertebra, 
femur, tibia, pelvis, and bone marrow of the femur and tibia. The use of GFP-expressing 
H460 cells transplanted by SOI revealed the extensive metastatic potential of lung cancer 
in particular to widely disseminated sites throughout the skeleton. This new metastatic 
model can play acriticalrole in the study of the mechanism of skeletal and other metastases 
in lung cancer and in screening of therapeutics that prevent or reverse this process (130). 

The Lewis lung carcinoma has been widely used for many important studies. How- 
ever, the subcutaneous transplant or orthotopic cell suspension injection models have not 
allowed expression of it's full metastatic potential. A powerful new highly metastatic 
model of the widely used Lewis lung carcinoma was developed using SOI tumor frag- 
ments and enhanced GFP transduction of the tumor cells: To achieve this goal, we first 
developed in vitro a stable high-expression GFP transductant Of the Lewis lung card- j 
v noma with the pLEIN retroviral expression vector containing the eafea geed^4g ^g^g& 
^iei&nia GFP gene. Stable high-level expression of GFP was maintained ^! vwrjin^ ub- 
cutaneously growing Lewis lung tumors. The in vivo GFP-expressing tumors~w ereliaf^"--^ j ^| 
vested and implanted as tissue fragments by SOI in the right lung of additional nude mice. ^ 
This model resulted in rapid orthotopic growth and extensive metastasis visualized by 
GFP expression. In all, 100% of the animals had metastases on the ipsilateral diaphrag- 
matic surface, contralateral diaphragmatic surface, contralateral lung parenchema, and 
mediastinal lymph nodes. Heart metastases were visualized in 40%, and brain metastases 
were visualized in 30% of the SOI animals. Mice developed signs of respiratory distress 
between 10 and 15 d post tumor implantation and were sacrificed. The use of GFP- 
transduced Lewis lung carcinoma transplanted by SOI reveals for the first time the high 
malignancy of this tumor and provides an important useful model for metastasis, angio- 
genesis, and therapeutic studies (131). 

5.7. Prostate Tumor Models 
The human hormone-independent prostate cancer lines Dul45 and PC-3 were trans- 
planted into nude mice using SOI. The tumor grew locally and became invasive and 
metastatic. The tumor invaded the lamina propria of the mouse urinary bladder. The local 
large tumor growth on the prostate of the mice caused urinary obstruction and hydroneph- 
rosis, and local and distal lymph node and lung metastases were observed (132,133). 

Intact tissue of the androgen-dependent human prostate cancer cell line LNCaP was 
implanted on the ventral lateral lobes of the prostate gland by SOI in a series of 20 nude 
mice. Mice were autopsied, and histopathological examination of primary tumors and 
relevant organs was performed to identify and quantitate micrometastasis. Eighteen of 20 
animals transplanted with LNCaP by SOI had tumor growth. Mean primary tumor weight 
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in the prostate was 9.24 g at time of necropsy. Sixty-one percent of the transplanted 
animals had lymph node metastasis. Forty-four percent had lung metastasis. Mean sur- 
vival time was 72 d, indicating a high degree of malignancy of the tumor. The extensive 
and widespread lung metastasis as well as lymph node metastasis following orthotopic 
implantation of LNCaP in nude mice and the short survival time provide a high-malig- 
15* nancy nude model of the LNCaP human prostate tumor ( 134). 

A fluorescent spontaneous bone metastatic model of human prostate cancer was 
deve loped by SOI of GFP- expressing prostate cancer tissue. A high-GFP-expression 
PC-^clone was injected subcutaneously in nude mice, and stable high-level expression 
of GFP was maintained in the growing tumors. To utilize GFP expression for metastasis 
studies, fragments of the fluorescent subcutaneously growing tumor were implanted by 
SOI in the prostate of nude mice. Subsequent micrometastases and metastases were visu- 
alized by GFP fluorescence throughout the skeleton including the skull, rib, pelvis, 
femur, and tibia. The central nervous system was also involved with tumor, including 
the brain and spinal cord as visualized by GFP fluorescence. Systemic organs including 
the lung, plural membrane, liver, kidney, and. adrenal gland also had fluorescent 
metastases (135). 

5.8. Ovarian Tumor Models 
Three examples of human ovarian can cer were transplanted by SOI into the ovarian 
capsule into nude mice in our laboratorv^In three cases, we observed three completely 
different patterns of tumor growth. In the first case, a highly encapsulated tumor devel- 
oped measuring 33 x 23 mm with watery fluid. No rupture or intraperitoneal seeding was 
observed. This tumor grew with a cystadenocarcinoma growth pattern. During autopsy, 
a very small metastatic nodule on the lung of the mouse was observed. In the second case, 
extensive primary tumor growth was observed. Extensive seeding on the colon and 
parietal peritoneum of the nude mouse was also found. 

The nude mouse models of human ovarian carcinoma described above therefore have 
the following characteristics: 

1. They can be constructed directly from patient tumor specimens. 

2. The tumors grow locally in the ovary. 

3. The tumors can metastasize to the lung, can seed and grow in the peritoneal wall, and can 
involve critical organs such as the colon, all of which reflects the clinical situation. j 

•Bte-apfffBa ch to die ca sffifeg action of mcrf e^^mHt ^gvaF^ea^ee^d^cHbed^gge^ 

An ovarian tumor line (RMG-1: human clear cell carcinoma of the ovary) previously 
grown subcutaneously was implanted orthotopically as intact tissue into the ovarian 
capsule of 22 nude mice. The tumors showed progressive growth at the orthotopic site in 
all animals. The tumor marker tumor-associated serum galactosyltransferase (GAT) 
tended to be positive in all nude mice. The tumors invaded or metastasized to the 
contralateral ovary (1/22), retroperitoneum (6/22), mesentery (2/22) and peritoneum 
(1/22), and omentum (6/22) and metastasized to the subcutaneous tissue (1/22), lymph 
nodes (9/22), and distant organs including the liver, kidney, pancreas, and diaphragm. In 
striking contrast, subcutaneous transplantation of this tumor resulted in growth in only 
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two of five animals, with local lymph node and kidney involvement but no retroperitoneal 
or peritoneal involvement. These findings suggest that orthotopic implantation provides 
a suitable microenvironrhent in which ovarian cancer can express its intrinsic clinically 
relevant properties. This approach is relevant to the clinical features of ovarian cancer and 
is thought to be a useful model for studies of therapy for this cancer (137). 

5.9. Breast Tumor Models 
Histologically intact patient breast tumor tissue was transplanted as intact tissue to the 
jnammary f at pad of nude mice where the tumor tissue grew extensively and metastasized / 
lothe lung^ 'Hn s - is ihcrfcrat-eTtfrotopii ti aiwpfarrt-H-ie las tatie mvtteYvthmi&fpbtta&t< 



We developed an optically imageable orthotopic metastatic nude mouse model of the 
human breast cancer line MDA-MB-435 expressing GFP. We have demonstrated fluo- 
rescent imaging of primary and metastatic growth in live tissue and in intact animals. 
Fragments of tumor tissue expressing GFP were sutured into the pocket in the right 
second mammary gland using SOI. Tumor tissue was strongly fluorescent, allowing 
whole-body imaging of tumor growth by wk 5. Neovascularization of the primary tumor 
was also visualized by whole-body imaging by contrast of the vessels to the fluorescent 
Q/ tumor. At autopsy, MDA-MB -435 -GFP cells were found t q have metastasized to various Q , 
\ *5 ^ ^ organs, including the lung irTSsg %, the lymph nodes in )^o. (including axillary nodes), *j£> /O 
and the liver in 10% of the animals. These metastases could be visualized in fresh tissue 
by fluorescence imaging. Detailed fluorescence analysis visualized extensive metastasis 
in the thoracic cavity and the lymphatic system. Large metastatic nodules in the lung 
involved most of the pulmonary parenchyma in all lobes. Lymph node metastasis was 
found mainly in the axillary area. In the liver, fluorescent macroscopic metastatic nodules 
were found under the capsule. The metastatic pattern in the model thus reflected clinical 
metastatic breast cancer and provides a powerful model for drug discovery for this dis- 
ease (139). 

5.10. GFP Models 

Mouse models of metastatic cancer with genetically fluorescent tumor cells that can 
be imaged in fresh tissue, in situ as well as externally, have been developed. These models 
have opened many new possibilities including real-time tumor progression and metasta- 
sis studies on internal organs and real-time drug response evaluations. The GFP gene, 
cloned from bioluminescent organisms, has now been introduced into a series of human 
and rodent cancer cell lines in vitro to express GFP stably in vivo after transplantation to 
metastatic rodent models. Techniques were also developed for transduction of tumors by 
GFP in vivo. With this fluorescent tool, tumors and metastasis in host organs can be 
imaged down to the single cell level. GFP tumors on the colon, prostate, breast, brain, 
liver, lymph nodes, lung, pancreas, bone, and other organs have also been visualized 
externally (trans cutaneously by quantitative whole-body fluorescence imaging). Real- 
time angiogenesis has also been imaged and quantified using GFP technology. The GFP 
technology allows a fundamental advance in the visualization of tumor growth and 
metastasis in real time in vivo (140^80). 

m 
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6. POSSIBLE MECHANISMS OF ENHANCED METASTASIS OF 
HETERO-TRANSPLANTED TUMORS AT THE ORTHOTOPIC SITE 

As to why orthotopically growing tumors metasta size to a much greater extent than j 
ectopically growing tumors, Reid and Zvibel f^Sfflndicated that investigators have 
identified a number of parameters: (1) anatomy, which determines the local microenvi- 
ronment including the location of an available capillary bed; (2) formation of tumor 
emboli; (3) molecules that specify attachment of tumor cells to particular cells or to 
extracellular matrix molecules that are tissue-specific; (4) local growth factors; and (5) 
local matrix chemistries. 

Colon tumor cells implanted intracecally grew and produced metastases and also 
produced higher levels of heparinase and 92- and 64-kDa species of type IV collagenase ^ ^ | 
I <5 \ ^ than the same tumors planted subcutaneously , which did not metastasize Nakajima 
^ * etal.ffte ) speculate that these enzymes are critical forthe enhanced metastatic capability 

of the or thotopi cally implanted tumor. 
I ^ 3t < — "LeightonfM?^ postulated that fibroblasts can orient and mediate the directionality of 
cell spread in metastases. Thus, the stromal elements at the orthotopic site such as fibro- 
blasts might be more interactive with the organ-specific tumor epithelium, with regard 
to directing cellular invasion, than at ectopic sites. . ^ M\ ^.ILVo 

7. EXPERIMENTAL PROOF OF PAGET' S SEED AND SOIL L £oVaO^) 1 
HYPOTHESIS WITH METAMOUSE MODELS 

Tumors that metastasize do so to preferred target organs. More than 100 years ago, 
Paget formulated his seed and soil hypothesis to explain this apparent specificity, i.e., the 
cells from a given tumor would "seed" only favorable "soil" offered by certain groups. 
The hypothesis implies that cancer cells must find a suitable "soil" in a target organ, i.e., 
one that supports colonization, for metastasis to occur. The ability of human colon cancer 
<?o cells to colonize liver tissue governs whether a particular colon cancer is metastatic. In 

%~ ^ the model used in this st udy, human colon tumors are transplanted into the nude mouse 
T)C C colon as intact tissue fe&eks by SOI. These implanted tumors closely simulate the meta- 
V static behavior of the original human patient tumor and are clearly metastatic or 
nonmetastatic to the liver. Both classes of tumors are equally invasive locally into tissues 
and blood vessels. However, the cells from each class of tumor behave very differently 
when directly injected into nude mouse livers. Only cells from metastasi zing tumors are p 
competent to colonize after direct intrahepatic injection. Also, tissue biofcfcs Irbm meta- 1 ^^h^enTS 
static tumors affixed directly to the liver resulted in colonization, whereas no coloniza- 
n ( £ tion resulted from no nmetastatic tumor tissuefeto gfes even though some growth occurred. r> . 

•pro^vy^wj-S C within the tissue feiAek itself. Thus, local invasion (injection) and even adhesion to the 7 3*^^X3 



m etastatic target organ ^b£ ?eks) are not sufficient for metastasis. The results suggest that 
"the ability to colonize the liver is the governing step in the metastasis of human colon 
cancer (184). 

To understand further the role of the host organ in tumor progression, we have trans- 
planted into nude mice histologically intact human colon cancer tissue on the serosal 
layers of the stomach (heterotopic site) and the serosal laye rs^ of the colon (orthotopic GLf-)^ 
site). The xenograft lines Co-3, which is well differentiated^COL-3-JCK, which is snde_, cx 
poorly differentiated, were used for transplantation. After orthotopic transplantation of 
the human colon tumors on the nude mouse colon, the growing colon tumor resulted in 
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macroscopically extensive invasive local growth in 4 of 10 mice, serosal spreading in 9 
of 10 mice, muscularis propria invasion in 1 of 10 mice, submucosal invasion in 3 of 10 
mice, mucosal invasion in 3 of 10 mice, lymphatic duct invasion in 4 of 10 mice, regional 
lymph node metastasis in 4 of 10 mice, and liver metastasis in 1 of 10 mice. In striking 
contrast, after heterotopic transplantation of the human colon tumor on the nude mouse 
stomach, a large growing tumor resulted but with only limited invasive growth and 
without serosal spreading, lymphatic duct invasion, or regional lymph node metastasis. 
It has become clear from these studies that the orthotopic site, in particular the serosal and 
subserosal transplant surface, is critical to the growth, spread, and invasive and metastatic 
capability of the implanted colon tumor in nude mice. These studies suggest that the 
original host organ plays the same critical role in tumor progression (185). 

We have found an exquisite specificity of metastasis in that a metastatic human colon 
tumor transplanted to the liver of nude mice specifically "reverse metastasized" to the 
colon of the mouse. The results demonstrate the selective affinity of cancer to the matched 
soils of the primary and metastatic organs (1 86). 

8. DRUG DISCOVERY WITH PATIENT-LIKE MOUSE MODELS 

OF CANCER 

Matrix metalloproteinases (MMPs) have been implicated in the growth and spread of 
metastatic tumors. This role was investigated in an orthotopic transplant model of human 
colon cancer in nude mice using the MMP inhibitor BB-94 (batimastat). Fragments of 
human colon carcinoma (1-1.5 mm) were surgically implanted orthotopically on the 
colon in 40 athymic nu/nu mice. Administration of BB-94 or vehicle (phosphate-buffered 
saline, pH 7.4, containing 0.01% Tween 80) commenced 7 d after tumor implantation 
(20 animals/group). Animals received 30 mg/kg BB-94 ip once daily for the first 60 d and 
then three times weekly. Treatment with BB-94 caused a reduction in the median weight 
of the primary tumor from 293 mg in the control group to 144 mg in the BB-94-treated 
group (p < 0.001). BB-94 treatment also reduced the incidence of local and regional 
invasion, from 12 of 18 mice in the control group (67%) to 7 of 20 mice in the treated 
group (35%). Six mice in the control group were also found to have metastases in the liver, 
lung, peritoneum, abdominal wall, or local lymph nodes. Only two mice in the BB-94 
group had evidence of metastatic disease, in both cases confined to the abdominal wall. 
The reduction in tumor progression observed in the BB-94-treated group translated into 
an improvement in the survival of this group, from a median survival time of 1 10 d in the 
control group to a median survival time of 140 d in the treated group (p < 0.01). Treatment 
with BB-94 was not associated with any obvious toxic effect, and these results suggest 
that such agents may be effective as adjunctive cancer therapies (187). 

CT1746, an orally active synthetic MMP inhibitor, has a greater specificity for 
gelatinase A, gelatinaseB, and stromelysin than for interstitial collagenase and matrilysin. 
CT1746 was evaluated in a nude mouse model that better mimics the clinical develop- 
ment of human colon cancer. The model is constructed by SOI of the metastatic human 
colon tumor cell line Co-3. Animals were gavaged with CT1746 twice a day at 100 mg/kg 
for 5 d after the SOI of Co-3 for 43 d. In this model, CT1746 significantly prolonged the 
median survival time of the tumor-bearing animals from 51 to 78 d. Significant efficacy 
of CT1746 was observed on primary tumor growth (32% reduction in mean tumor area 
at d 36), total spread, and metastasis (6/20 treated animals had no detectable spread and 



Proof 



T^fcc^llw^rrected ProorTOpf s ' paoes 

2Q2 Part II / In Vivo Methods 

: metastasis " 

metastasis at autopsy compared with 100% incidence of secondaries in control groups). 
CT1746 was also efficacious in reducing tumor spread and metastasis to individual organ 
sites such as the abdominal wall, cecum, and lymph nodes compared with vehicle and 
untreated controls. We conclude that chronic administration of a peptidomimetic MMP 
inhibitor via the oral route is feasible and results in inhibition of solid tumor growth, 
spread, and metastasis with increase in survival in this model of human cancer, thus 
"InserTr KlOO converting aggressive cancer to a more controlled indolent disease (188), 
O GarajQvTXpV\ SOI model of the human colon cancer cell line Co-3 in nude mice was treated with 

C orviP 20A> two doses of the new platinum analogs [Pt(cis-dach)(DPPE) ■ 2N0 3 ] and [Pt(trans- 
\r (yfY\ V dach)(DPPE) • 2N0 3 ]. The analogs were evaluated for antimetastatic efficacy in com- 

parison with two doses of cisplatinum. Unlike the untreated control group, there were no 
mesenteric lymph node metastases in the groups treated with the high or low doses of both 
forms of new DPPE platinum analogs as well as the cisplatinum-treated group. However, 
much more body weight loss occurred in the cisplatinum-treated group than the DPPE- 
treated groups. The results obtained with the SOI animal model, of colon cancer demon- 
strated that both cis- and trans-forms of DPPE had as strong an inhibitory effect on 
metastasis as that of cisplatinum, but with. much less toxicity. Thus, the new platinum 
analogs appears to have promising clinical potential (189). 

An SOI model of the human RT-4 bladder tumor in nude mice resulted in local growth, 
invasion, regional extension, and metastases as well as distant metastases to other organ 
sites and lymph nodes, thus mimicking the bladder cancer patient. This metastatic bladder 
tumor animal model was treated with two doses of the new platinum analog [Pt(cis- 
dach)(DPPE) ■ 2N0 3 ] for the evaluation of antimetastatic efficacy compared with two 
doses of cisplatinum. Unlike the untreated control group or the group treated with the 
low dose of cisplatinum, there were no metastases in either the high- or low-dose plati- 
num analog-treated groups and the high-dose cisplatinum-treated group. The results 
obtained with this patient-like nude-mouse model of bladder cancer indicate that the new 
platinum analog appears to be a valuable lead compound with antimetastatic efficacy and 
clinical potential (190). 

Gemcitabine is a promising new agent that has recently been studied for palliation of 
advanced (stage IV) unresectable pancreatic cancer. We hypothesized that adjuvant 
gemcitabine would reduce recurrence and metastases following surgical resection of 
pancreatic cancer. To test this hypothesis, we evaluated gemcitabine on a GFP transduc- 
tant of the human pancreatic cancer cell line BxPC-3 (BxPC-3-GFP) using SOI in mice. 
GFP allowed high-resolution fluorescence visualization of primary and metastatic 
growth. Five weeks after SOI, the mice were randomized into three groups. Group I 
received exploratory laparotomy only. Group II underwent surgical resection of the 
pancreatic tumor without further treatment. Group HI underwent tumor resection fol- 
lowed by adjuvant treatment with gemcitabine, 100 mg/kg every 3 d for four doses, 
starting 2 d after resection. The mice were sacrificed at 1 3 wk following implantation, and 
the presence and location of recurrent tumor were recorded. Gemcitabine reduced the 
recurrence rate to 28.6% compared with 70.6% with resection only (p = 0.02) and reduced 
metastatic events 58% in the adjuvant group compared with resection only. This study, 
demonstrating that gemcitabine is effective as adjuvant chemotherapy post pancreatec- 
i . tomy, suggests a new indication of the drug clinically (150). 

1nsa4 Mojo v ( . . 
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We determined the antitumor and antimetastatic efficacy of the camptothecin analog 
DX-8951f in an SOI metastatic mouse model of pancreatic cancer. DX-8951f showed 
efficacy against two human pancreatic tumor cell lines in this model. These cell lines 
were transduced with GFP, allowing high-resolution visualization of tumor and meta- 
static growth in vivo. The DX-895 If studies included both an early and advanced cancer 
model. In the early model, utilizing the human pancreatic cancer lines MIA-PaCa-2 and 
BxPC-3, treatment began when the orthotopic primary tumor was approximately 7 mm 
in diameter. DX-895 If was significantly effective against both MIA-PaCa-2 and BxPC-3 
cells. In contrast, gemcitabine, the standard treatment for pancreatic cancer, did not have 
significant efficacy against MIA-PaCa-2 cells. Although gemcitabine showed signifi- 
cant activity against BxPC-3 primary tumor growth, it was not effective in metastasis. In 
the model of advanced disease, utilizing BxPC-3, treatment started when the orthotopic 
primary tumor was 13 mm in diameter. DX-895 If was significantly effective in a dose- 
response manner on the BxPC-3 primary tumor. DX-895 If also demonstrated 
antimetastatic activity in the late-stage model, significantly reducing the incidence of 
lymph node metastasis while eliminating lung metastasis. In contrast, gemcitabine was 
only moderately effective against the primary tumor and ineffective against metastasis 
at both sites in the late-stage model. Therefore, DX-895 If was highly effective against 
primary and metastatic growth in this very difficult-to-treat disease and showed signifi- 
cantly higher efficacy than gemcitabine, the standard treatment for pancreatic cancer. 
DX-895 If, therefore, has important clinical promise and has more positive features than 
the currently used camptothecin analog CPT-1 1, which requires metabolic activation and 
is toxic (187). 

The efficacy of recombinant human interferon-v (rh IFN-y) was evaluated for the 
treatment of human pleural adenocarcinoma in an SOI model of the human non-small cell 
lung cancer cell line H-460. IFN-y was tested in three different dosages (25,000, 50,000, 
and 100,000 U) vs an untreated control through ip injection twice a day for 5 d, which was 
started 48 h after SOI. The results showed that IFN-y can prolong the survival time of the 
tumor-bearing animals. The symptoms and signs of hypoxia, such as restricted physical 
activity and cyanosis owing to primary tumor growth in the thoracic cavity, as well as 
cachexia, developed much earlier in the control than in the IFN-y-treated mice. The mice 
in the control group had succumbed by d 23 after tumor implantation. However, at that 
time 67% of the mice in the 100,000 U-treated group, 15% of the mice in the 50,000 
U-treated group, and 16% of the mice in the 25,000 U-treated group were still alive. The 
orthotopically transplanted tumor grew rapidly and metastasized to the lung and liver in 
the untreated control. In the IFN-y-treated groups, both primary tumor growth and 
metastasis were reduced, probably accounting for the increased survival rate. The results 
demonstrated dose-dependent efficacy of IFN-y in suppressing symptomology, primary 
tumor growth, invasiveness, and metastasis of the human lung cancer cell line H 460, as 
well as increased survival of the tumor-bearing animals. These results suggest that clini- 
cal trials of IFN-y should begin for treatment of pleural adenocarcinoma, for which there 
is no current effective therapy (191). 

We examined the importance of interleukine-8 receptor B (IL-8RB) mRNA expres- 
sion in the growth of non-small cell lung cancer. Using the antisense oligonucleotide ICN 
197, we were able to inhibit IL-8RB mRNA expression in vitro. The sequence-specific 
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effect of antisense oligonucleotide and downregulation of DL-8RB mRNA was shown by 
reverse transcription-polymerase chain reaction (RT-PCR) and Southern blot analysis. 
The proliferation of treated cells was measured by 3 H-thymidine incorporation. We 
found that treatment of these cells caused reversible growth inhibition and reversible . 
downregu lation of IL-8RB mRNA. Furthermore, we observed that treatment wilfe^ o\- 
nude mice^oligonucleotide ICN 197 inhibited the growth of tumors developed from 
non-small cell lung cancer cells injected subcutaneously. Our in vitro data suggest that 
IL-8RB mRNA expression is required to maintain the proliferative rate of these cells. 
Based on the data in vivo, oligonucleotide ICN 197 may be considered for the develop- 
me nt of novel therapeutic treatment for lung cancer ( 192). 

•aagio gfljicfiic a ffects m vaiioafi jza edefe . Syaegg istio e^ Q&tg^fe>uiii^iaf^cm^th^ee^a^ 
lave been report^. The effects of a new selective MMP inhibitor, 




MMI-166, were evaluated on tumor growth, angio genesis, and metastasi s in an SOI live r 
""metastatic model of human colon cancer (TK-4^ irfefilso investigatecj(the synergistic 
effects of MMI-166 and a conventional cytotoxic agent, MMC, in this model. Mice 
> transplanted orthotopically with TK-4 were divided into four groups: a control group 
^treated with vehicle solutipi^ an MMI-166 group in which MMI-166 was administered 
orally at a dose of 200 mg/kg, 6 d/wk for 5 wk, an MMC group in which MMC was 
, administered intraperitoneally at a dose of 2 riig/kg/wk for 5 wk, and a combination group 
^treated with MMI-166 and MMC$f MMI-166 did not inhibit transplanted tumor growth 
but significantly inhibited liver metastasis compared with the control group ang /MMC 
group (p < 0.01). Significant antitumor and antimetastatic effects of the combination ; 
therapy were demonstrated. ?fce4r*¥^^tected%^iH^im^ 

These results suggest that MMI- 1 66 has potential antimetastatic ability and a synergistic/ 
effect with MMC (193,194). 
^ — A dHai ny tin i^ ft VBM) was encapsulated in a galactose-conjugated hepatotropic lipo- 

some (hLip-&ft M), and its ability to enhance the antitumor eff ect whilej gHndnff toxicity^* ljQ?C 
was compared with that of free and a control Lip-&$M (cLip-Ai frM). An SOI ^ ^ 
^ ^^-Inodel of human colon cancer xenograft TK-4 was used to induce liver metastases in 

mice. Liver metastasis occurred in 0/1 1 rats given hLip^ABM, wnereas liver metastases^ °OX 
developed in 10 of 12 mice in the control group and in 5 of 12 mice given cLip-I^Mr^ DOX 
TX^ ^ Liposomal-A&M did not have a significant inhibitory effect on transplante d tumor growth 

a ssessed 6 w fe after transplantation. These findings indicate that hLip-ABM may De an > OOX 
■ ^""effective strategy for inhibiting liver metastases from human colon cancer (195). 

Tanaka et al. (196) established a mouse primary tumor resection model in which a 
transplanted tumor was resected after an SOI of colorectal cancer tissue to estimate the 
therapeutic effect of an angiogenesis inhibitor on metastasis. The angiogenesis inhibitor 
FR-1 18487 is a member of the fumagillin family. One mg/kg/d of FR-118487 was 
subcutaneously administered to nude mice for 1, 2, or 4 wk through an osmotic pump. 
Liver metastasis developed in seven of nine control mice, two of six mice that underwent 
^ — . the, ( n mor resection 2 w k after transplantation (early resection), and in all seven of the \ 
^ mice that underwent the tumor resection 4 wk after transplantation (late resection).'lretfegr '^ 
^Sfaeit-te«rtmeRt^Fi«lf»tbe FR-118487 administration immediately after early resection^ j^^. 
completely inhibited both hepatic and peritoneal metastases, whereas its administration ^-KS 
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ar * er late resection had no effect on liver metastasis. In the prolonged treatment trial, • 
inhibitory effects of prolonged treatment with FR- 1 1 8487 on both hepati c and peritonea l^ » n 
^v gietastases af te r late resection were clearly demonstrated. The mice the resection- 
\ alone group all died within 106 d after tumor inoculation,-$w*ng to metastases,**©©*©!**^ 
%fSfein©ma. In contrast, half of the mice that underwent resection and th en received ^ jtq:J?. 

antiangiogenic therapy were aUveeat4h^j^©^e*b«ei , v^tion^&i©d ( 1 60 Rafter trans : 1 
""pTairtationVfe — " 

S-1 [lMtegafur( FT)/0.4 M 5-chloro-2,4-dihydroxypyridine (CDHP)/1 M potassium 
\ S OJT\ * = oxonate (Uxo)] , wa^d*v^ep«€to««ew oral aa£aeeptes§e agent fcased^**b^h»sHeal-> U> n \ Civ 
VoA'O ^mo^ulation-of 5-FU by CDHP and Oxo. The therapeutic effect of S-1 on human colon 
cancer xenografts (TK-13) with high metastatic potential to the liver was evaluated. 
v. s ^-^maft^eses of TK- 1 3 were sutured into the cecal wall of 52 nude mice fr grSOIb aadThe 
■prO^T^^ animals were randomly divided into three groups [control, {n = 17), UFT (combination^ Usiy-jq 

of 1 M FT and 4 M uracil) (n = 1 8), and S- 1 (n = 17)]. S-1 or UFT was administered orally 
at an equitoxi c dose (S-1, 7.5 mg/kg; UFT, 17.5 nig/kg as FT) for 37 consecutive ^> dOSjSt 



developed in only 2 

^ N v S-1 group, whereas it develop ed in 9 of the 17 (53%) and 7 of the IB (39%) in the control / 

CfA\.^ — andUFTgroupsJrelpec^ 
^ " fi 1 yielded highe r 5 - Ffc Hcvd3 in befo-feBraff=fegsgg^ 

4ha»4jPT, Thc 3 e - re st riLs suggeu dial S-1 will sliuw a hrghcrcHra eaHhgg^^e^ffeet 

The efficacy of the combination of vascular endothelial growth factor neutralizing 
antibody (VEGFAb) and MMC was elated on MT-2, a human gastric c ancer xenograft.^ U^* 
of MT-2 were transplanted by SOI into 62 nude mice^liver metastasis 




d eveloped 6ja & after transplantation. The VEGFAb (100 ^ig/mouse) was administered . i . 

Stouttu 



ip in the VEGFAb group (n = 14) and the combination group (n = 1 6) twice a week StOjtT ur^ 
g^-gm after transplantation. MMC (2 mg/kg) was administered in the MMC group (n = 1 6) 
and the combination group (n = 16) on d 10, 17, and 24 after transplantation. Compared 
with the control group, in which saline solution was administered ip, all three treatments 
^inhibited tumor growth significantly ^m^&gete ^troB^ 

e *WCTe^otsst^Liver metastases were als( ^jnhibited(|significantl^ by the administration of 
VEGFAb alone, MMC alone, or combination therapy. Liver metastasis developed in nine 
mice of the control group, three of the VEGFAb group, and four of the MMC group, but 
no mice had liver metastasis in the combination therapy group. However, a significant / nftN » 
body weight loss and a decrease in spleen weight were observed in the MMC and com- ^ ( " 
bination groups, with no significant difference between the two group^ Fhese-resttite^— - 
■s uggest that combina Saa&egapy^g^^ 

y The therapeutic effect of VEGFAb on liver metastasis of an endocrine neoplasm was 

^frionskraw <-Htve9*igate<!. Cecal transplantation into nude mice of small pieces of EN-1, a 
xenotransplanted human intestinal endocrine neoplasm, resulted in liver metastasis. A 
treated group (n = 19) received 100 ^tg/mouse of VEGFAb intraperitoneally on alternate 
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days from d 10 after tumor transplantation, and the control group (n = 1 9) received saline. ) 
Five of the 19 control mice died of tumor progression* cuuki nut UccvaJmtted/ 

Ui-^^K^ g _ The cecal tumor weigh ed 63 1 6 ±2333 mg (n = 1 7) in the control group and 1 209 ± 837 mg 
(n ~ 19) in the treated group (p < 0.01) 6 <tfk after transplantation. Liver metastasis 
developed in 16 of 17 control mice and in 2 of 19 treated mice (p < 0.01). The. VEGF level 
of the whole cecal tumor in the control group was significantly higher than that in the 
treated group (305.1 ± 174.1 vs 54.7 ± 41.2 mg;p < 0.001). VEGFAb did not cause any 
body weight loss (28.52 ± 1 .63 in the control vs 28.44 ± 1 .7 1 g in the treated group). These 
results indicate that VEGFAb may be a novel therapeutic agent for endocrine neoplasm 
with distant metastasis (199). 

To evaluate VEGFAb further, four human carcinoma xenografts, two human colon 

\fC ACiAV w* carcinomas (TK4 and TK 1 3), and two gastric carcinomas (M T2 and MT5) were trans- - 
uS\^ t: P lanted b y S QIi nt0 nude mice - The anti-VEGF antibody fM$8 33, 10( ^g/mouse)orthe y ; 
r ^ same volume of saline was administered ip on alternative day s ffrom after transplan- , 

VtCrS'PvD^C tation With each of t ^ e four xenografts t administration of M^ite3 significantly inhibited 
not only primary tumor growth but also m acroscopic liver metastasis, although the growth 

VG&r Wo C rate varied _ The inhibitory effect cf?fP?833 on primary tumor growth appeared to have 
no. correlation with the level of VEGF in the tumor. Body weight gain in each treated 
group was comparable to that in the control group. No toxicity of the antibody was 
observed. These results suggest that an anti-VEGF antibody can be effective against a 
wide variety of cancers and that VEGF may be a possible target for cancer therapy (200) r 
The effect of an angiogenesis inhibitor, TNP-470, on primary tumor growth, liver 

X metastasis, and peritoneal dissemination of gastric cancer was mvestigated.-fey-:meafts-©£-^ v\Q Vkc 
&h SOI model of two human gastric cancers, MT-2 and MT-5. TNP-470 showed a sig- J 
nificant inhibitory effect on the growth of primary tumors after orthotopic transpl antation . 
of both xenografts wherrgiven at a dose of 30 mg/kg on alternate days from -^7 after 7 
. h . ^ transplantation "(eflriy^^weB^, How ever, growth of the MT-2 primary tu/nor was not 
l t -taO^|S v» inhibited by administration from af ter transplantation ^iate-*re^meni). Liver 
-VVi^- ^ metastasis was significantly prevented bj^early treatment of TNP-470. In particular, 
early treatment of MT-2 completely inhibited the development of macroscopic foci in the 
^ liver and was sign ificantly more effective than late treatment. Peritoneal dissemination / 
C SlO\ ) . < was inhibited Thus, TN-P°4?Q-xva3 revcalcd -18-hgve-sfere ng inhibilvi ym * Wky*ti &< 
■ only on primary tumors and livor metastases but also a gamst peri t oneal di s gem iaatieik 
— Sfreso roauka s uggest that this aggMri may pi wide a new " appiuath to lire Ucatme r fr ^f 
gastric cancer (201 j » 

v. The colon tumor xenograft TK-4 was transplanted by SOI a nd treate d with TNP-470. . 

^tojn^^r Treatment was with 30 mg/kg of TNP-470 on alternate days^rom <H®-after transplan- ^ ' ° OG^S 
tation! The rate of hepatic/netastases from orthotopically transplanted tumors of five 
strains was y 38-79%.*rrtei&tH^^, TK-4 hasK-ras and/753 mutations, andwsiwe^essien-^ O V€.re.yP r&SS^ £ 
of p53-p^*e*a induced hepatic metastases from both orthotopic (79%) and subcutaneous 
tumors (44%). Although TNP-470 only significantly inhibited subcutaneous tumor 
\ growth, its antimetastatic effect was significantly demonstrated on the hepatic metastases^ Ocl) . 
^^?-tmt tation is thought to enhanc e angiogenc a i a , favoring the growth o E-the-hepa&s 
-metas tases. TI * flM7Q h a^agmmetast atio efficacy on TK 4 for hcpat ictnctastase»f3^r 
The antimetastatic effect of TNP-470was investigated further in nude mice in SOI 
models with human colon cancer.-^TnaH^eees-oflumors from three established human 
colon cancer cell lines (TK-3, TK-4, and TK-9), which were maintained in nude mice, 
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sWVuva r were im P lanted int0 me cecal waI1 of nude mice via a s mall incision in the serosa. TNP-470 ^ ^ Q ^ ^ 
J ^ (20 or 30 mg/kg) was gi ven sc every other da^from-4ff9 after implantation, and the mice " i 
-y^, ^"were sacrificed after 6 There was no difference in the weight of the implanted tumors 
^ (control group: 0.45 ± 0.29 g vs treated group: 0.49 ± 0.27 g). An antimetastatic effect 

of TNP-470 was clearly demonstrated in a dose-dependent manner. In the mice given 
20 mg/kg TNP-470, liver metastasis developed in 3 of 10 cases. In the 30-mg/kg group, 
metastasis developed in only 1 of 17 mice, whereas it developed in 22 of 32 mice of the 
control group/pie number of metastatic foci was significantly less in the treated groups. 
N TNP-470 gifel ferely prevented liver metastasis, but had no effect on the growth of the 
C<3°"^0. ^ primary tumof^i&ese results i ndica te that tha aa gifrge rcgsis in hibitor TNIM70 has^r 
strong fe feifefe »py aiii'v ity ag ai nst m vivo hepatic m etagtag»ofteHnfflte»kift€gieeg^3^jb 
. The antitumor and antimetastatic efficacy of TNP-470 and MMC, *^Fessaia*&£ 
^Utme^plafiti^agcat, were investigated in as SOI model of human colon cancer, TK-4. ^ .ty^ 
. , Mice were randomly divided into three groups; a control group .given saline solution, a 

group receiving TNP-470 and a g roup rec eiving MMC. TNP-470 was given subcutane- 
^ ously on alternate days for 5 ^ from^-^ after cecal transplantation, and MMC was y * CKLVp 
W2£fe> ^~ administered intraperitoneally once a week from d 10 after cecal transplantation. MMC 
significantly inhibited cecal tumor growth. In the control group, liver metastases devel- 
oped in 9 of 10 mice, including 3 with more than 20 metastatic foci. Liver metastasis also 
developed in 8 of 10 mice receiving MMC, 2 of which had many metastases. In contrast, 
liver metastasis developed in only two of eight mice in the TNP-470 group, and neither 
of these animals had numerous metastases (204). 

9. NEW DIRECTIONS 

9.1. Dual-Color Imaging of Tumor-Host Interaction 

We have established a dual-color fluorescence imaging model of tumor-host interac- 
tion based on a red fluorescent protein (RFP)-expressing tumor growing in GFP transgenic 
mice. This model allowed visualization of the tumor-stroma interaction including tumor 
angiogenesis and infiltration of lymphocytes in the tumor. Transgenic mice, expressing 
the GFP under the control of a chicken fi-actin promoter and cytomegalovirus enhancer, 
were used as the host. All the tissues from this transgenic line, with the exception of 
erythrocytes and hair, fluoresce green under blue excitation light. B16F0 mouse mela- 
noma cells were transduced with pLNCX2-DsRed-2-RFP plasmid. The B16F0-RFP 
tumor and GFP-expressing stroma could be clearly imaged simultaneously in excised 
tissue. Dual-color imaging allowed resolution of the tumor cells and the host tissues down 
to the single cell level. Tumor stroma included fibroblast cells, turn or- infiltrating lym- 
phocytes, blood vessels, and capillaries, all expressing GFP. GFP stromal cells were 
readily distinguished from the RFP-expressing tumor cells. This dual-color fluorescence 
imaging system should facilitate studies for understanding tumor-host interaction during 
tumor growth and tumor angiogenesis. The dual-color system also provides a powerful 
tool to analyze and isolate tumor-infiltrating lymphocytes and other host stromal cells 
interacting with the tumor for therapeutic and diagnostic/analytic purposes(<S)OQ ) . 
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